Use is made of the method of SLCO to develop the theory of the cohesive energies of diamondtype valence crystals. A formula determining ionicity of diatomic crystals such as InSb is presented. Furthermore, a new method to calculate the energy-band structures of these crystals is presented. § I. Introduction
The first quantum mechanical computation of the cohesive energy of diamond was attempted by Schmid. 1 l
He constructed a two-electron wave function, in which two valence electrons together form an electron-pair bond between two neighbouring atoms and he, furthermore, introduced another two-electron function for two core electrons in a 1st level together forming a lone pair.
Then the total wave function of crystal electrons as a whole was approximated by the product of these two-electron functions antisymmetrized with respect to all electrons. His treatment is a generalization of the Slater-Pauling theory of directional valence. He found, however, that satisfactory results were achieved only when two-electron functions were formulated to allow ionic states to be included into the electron-pair bonds. Asano and Tomishima 2 l generalized Schmid's treatment for diatomic crystals and applied it to ZnS crystal. In his treatment, as is mentioned above, Schmid made use, not of one-electron wave functions, but of two-electron wave functions. However, in order to study the relations of the theory of cohesive energy with the other physical problems such as energy-band structures and diamagnetic properties, it is convenient to formulate it on the basis of one-electron wave functions. The energy-band structures of diamond-type valence crystals have been calculated by many authors 3 l in detail, but frequently without further going on to work their connections with the theory of cohesive energy.
In the preceding paper 4 l (hereafter referred to as I), we formulated the new method of SLCO to calculate the cohesive energy of ionic crystals and applied it to the calculation of the cohesive energy of LiH crystal. Furthermore, we showed that SLCO was useful to compute the band structures of the conduction and valence bands of these crystals. The method of SLCO also is applicable to valence crystals having an energy gap between valence and conduction bands like ionic crystals.
In the present paper, we shall develop the theory of cohesive energy of diamond-type valence crystals on the basis of one-electron wave functions by using SLCO, discussing its relation with the energy-band structures of these crystals. As a result, a formula determining ionicity of diatomic crystals such as InSb and a new method to calculate the energy-band structure of these crystals will be presented. Application of our results to the diamagnetic properties of these crystals will be discussed on a separate paper in the near future. § 2. Theory of cohesive energy (a) General Theory
The crystal structure of diamond-type crystals is shown in Fig. 1 . In the figure, atoms denoted by solid and empty circles form fcc sub-lattices, respectively. Each solid (or empty) atom is surrounded by four empty (or solid) atoms having tetrahedral arrangement and is bonded with them by electron-pair bonds. In zinc blende structure such as InSb crystal, one of the two fcc sub-lattices is populated by In atoms and the other by Sb atoms.
Among hybridized tetrahedral spin-orbitals, these subject to solid atoms, i.e., one of the two fcc lattices, are denoted by We define bonding and anti-bonding spin-orbitals by
* 2N is the total number of atoms in the crystal. 
We set up the variation principle :
Eu is the expectation value of the crystal energy for the ground state; that is,
where X<~NJ is the Hamiltonian of the crystal. When e=O, the wave function is reduced to Schmid's wave function with A=l.** As an important result of the variation principle (2 · 7), as was shown in I, we get the relation
where
lr-rll Here v(r-R,) is the potential at r that arises from the ~th ion core locating at R" (2N) and 2J extends over all atoms in the crystal.
" (b) 8-matrix
We may assume that X and 8 satisfying the variation principle (2 · 7) have the same rotational and translational symmetry as that of the crystal.* Then we may propose the trial form for 8** In what follows, therefore, we treat these parameters as first order small quantities.
*** We are intending to compute numerically the cohesive energy of diamond by using this trial form of E. § 3. lonicity (Charge-and bond-order matrix)
The one-electron density matrix due to If! given by (2 · 6) is
where n is the 16NX 16N matrix having the block form
n is the charge-and bond-order matrix with respect to SLCO ¢. We see that '/J are the so-called Lowdin's natural spin orbitals 6 l for the crystal in ground state and n is the corresponding charge-and bond-order matrix, in which the bond-orders are equal to zero.
The charge-and bond-order matrix Q with respect to the orthonormal hybridized spinorbitals cp is given by from (2 · 11), (2 · 12) and (2 · 13), we get as the charge-orders
and, as the bond-order between (/Ja and (/);;,
On the other hand, for the cases of the diatomic crystals, we get (3·9)
as the charge-orders, up to second order.* We see, therefore, that the ionicity of the zmc blende-type crystals is determined by A.
* In the InSb crystal, the valence-bonding structure (In-+Sb+) corresponds to 4=0, and the neutral structure (In+Sb) to 4=0.25. The real value of 4 for InSb crystal is between 0.25 and zero. § 4. Energy-band structure Recently the energy-band structures of diamond-type valence crystals have been computed in detail by many authors. 3 l The theory of energy-band structure may be formulated correctly only through the theory of cohesive energy. However, some of these computations have been performed independently of the theory of cohesive energy. Therefore, it is not necessarily clear whether the computed band-structures yield reasonably good approximation. for the cohesive energy. On the other hand, our method of SLCO yields the theory of the energy-band structure intimately connected with the theory of the crystal energy mentioned in the preceding sections.
We have presented in I the method to compute the energy-hand structure of LiH crystal by the use of SLCO, the conduction and valence bands of which are non-degenerate respectively. On the other hand, the conduction and valence bands of the diamond-type valence crystals are four-fold degenerate respectively. However, the generalization of the computation of band structures by SLCO for such degenerate cases is straight-forward.
The valence bands of these crystals are determined by the eigenvalues of the secular equation (4·1) where k is the wave-number vector, At k=O, the diagonal element H:n: (0) is independent of i and all off-diagonal elements HTj (0) are equal to each other, because of the symmetry of the crystal. Therefore the conduction bands at k=O consist of a single level and a three-fold degenerated level. These two levels are separated from the diagonal energy HH (0) by 3IHii (0) I and IHi:J (0) I respectively, while the energy gap between them is 4IHiy (0) I· This situation holds also for the valence bands, if we replace i and J with i and j.
* We neglect spin-orbit coupling throughout. Therefore we suppress the spin coordinate in the following, because it is irrelevant to the following discussions.
For the valence bands, it has been shown that the three-fold degenerated level has higher energy than the single level. For the conduction bands, it has been believedn from the various theoretical and experimental studies that the energy of the three-fold degenerated level is higher for diamond and Si, and lower for Ge compared with that of the single 1evel. Therefore the energy gap at k=O between the conduction and valence bands is given by (4· 7) for Ge, and (4·8) for diamond and Si.
Our method of SLCO to compute the energy-band structure is very similar to the so-called tight-binding method, but has various advantages compared with other methods (i.e., tight-binding method, OPW method and cellar-method) for the following reasons. a) The SLCO method is intimately related to the theory of cohesive energy. The one-electron effective Hamiltonian and SLCO used in this method are given through the theory of cohesive energy. b) In the other methods, the potential terms contained in ·their effective Hamiltonians either include some amount of ambiguity or, at least, have to be determined self-consistently. It is difficult for almost all cases to .perform such selfconsistent computations thoroughly. In the SLCO method, the effective Hamiltonian is determined, independent of the computation of energy-band structure, through the theory of cohesive energy. Therefore, one need not be troubled with self-consistent computations. c) In the SLCO method, the conduction and valence bands are determined respectively by separate secular equations. For diamond-type crystals, therefore, one has two 4-4 secular equations. On the other hand, one has an 8-8 secular equation in the tight-binding method.
